Human noroviruses (HuNoVs) are a major cause of acute gastroenteritis. Many HuNoVs recognize histo-blood group antigens (HBGAs) as cellular receptors or attachment factors for infection. It was recently proposed that HuNoV recognition of HBGAs involves a cooperative, multistep binding mechanism that exploits both known and previously unknown glycan binding sites. In this study, binding measurements, implemented using electrospray ionization mass spectrometry (ESI-MS) were performed on homodimers of the protruding domain (P dimers) of the capsid protein of three HuNoV strains [Saga (GII.4), Vietnam 026 (GII.10) and VA387 (GII.4)] with the ethyl glycoside of the B trisaccharide
Introduction
Human noroviruses (HuNoVs) are a genus of nonenveloped, singlestranded, positive sense RNA viruses in the Caliciviridae family that cause acute gastroenteritis (Donaldson et al. 2010) . HuNoVs can be genetically classified into two major genogroups (GI and GII), which contain more than 30 different genotypes (e.g., GI.1-9 and GII.1-22) (Zheng et al. 2006) . Among them, GII.4 is the predominant genotype and accounts for~80% of HuNoV gastroenteritis outbreaks (Patel et al. 2008; Siebenga et al. 2009 ). The capsid of HuNoV consists of a single major viral protein, VP1, which encapsulates the RNA genome (Jiang et al. 1992) . Structurally, VP1 consists of two major domains-the N-terminal shell (S) and the C-terminal protruding (P) domains. The S domain is involved in the formation of the interior icosahedral shell of the capsid, while the P domain forms the dimeric protrusions of the capsid that is responsible for host cell recognition (Prasad et al. 1999) .
It is known that most HuNoVs recognize histo-blood group antigens (HBGAs) as cellular receptors or attachment factors (Donaldson et al. 2010; Jiang 2010, 2005) . HBGAs are fucosylated glycoproteins or glycolipids abundantly found on the mucosal epithelia of gastrointestinal track, as well as in biological fluids, including saliva, milk and blood (Oriol 1990; Ravn and Dabelsteen 2000) . HuNoVs interact with HBGAs in a strain specific manner, with the L-fucose residue serving as the core recognition motif Jiang 2011, 2014) . Recently, it was shown that HuNoVs also bind to acidic glycosphingolipids (gangliosides), raising the possibility that gangliosides, along with HBGAs, are cellular receptors or attachment factors for HuNoV recognition and infection (Han et al. 2014; Wegener et al. 2017) .
X-ray crystallographic structures of the P domain dimers of many GI and GII strains complexed with HBGA oligosaccharides have been solved (Cao et al. 2007; Choi et al. 2008; Chen et al. 2011; Hansman et al. 2011; Shanker et al. 2011 Shanker et al. , 2014 Kubota et al. 2012; Hao et al. 2015; Liu et al. 2015; Singh et al. 2015; Koromyslova et al. 2017; Weichert et al. 2016) . The P dimers are found to be highly symmetric complexes, possessing two identical HBGA binding sites (Cao et al. 2007; Choi et al. 2008; Chen et al. 2011; Hansman et al. 2011; Shanker et al. 2011 Shanker et al. , 2014 Kubota et al. 2012; Hao et al. 2015; Liu et al. 2015; Singh et al. 2015; Weichert et al. 2016; Koromyslova et al. 2017 ). According to solution binding measurements performed on the Vietnam 026 P dimer (GII.10), using saturation-transfer difference nuclear magnetic resonance (STD-NMR) spectroscopy, and the VA387 P dimer (GII.4), using native mass spectrometry (electrospray ionization mass spectrometry (ESI-MS) performed under native conditions), HBGA oligosaccharide affinities for HuNoV P dimers are low, with apparent (macroscopic) association constants (K a,app )<3,000 M −1 (Hansman et al. 2012; Han et al. 2013) .
Recently reported structural and in vitro binding data, however, suggest that HuNoV-HBGA binding may involve a cooperative, multistep mechanism that exploits both known and, previously, unknown glycan binding sites. Crystallographic data obtained for the Vietnam 026 P dimer complexed with L-fucose revealed four bound monosaccharides, two at the known HBGA binding sites and two at new binding sites located at the dimer interface (Koromyslova et al. 2015) . Interestingly though, when complexed with B trisaccharide, only two bound ligands (at the known binding sites) were identified in the crystal structure (Koromyslova et al. 2015) . The binding isotherms for methyl-α-L-fucose, citrate and several HBGA oligosaccharides with the P dimer of the Saga strain (GII.4), measured by STD-NMR spectroscopy, revealed successive binding steps with surprisingly large positive cooperativity factors (i.e., large Hill coefficients) (Mallagaray et al. 2015) . Based on these data, it was concluded that the Saga P dimer binds up to two molecules of fucose and H disaccharide, three molecules of citrate and four molecules of the B trisaccharide (methyl glycoside) and B type 1 tetrasaccharide (free oligosaccharide). To further support the existence of additional HBGA binding sites, ESI-MS measurements were performed to quantify the stoichiometry of the interactions between the B type 1 tetrasaccharide and the Saga P dimer. Although, the ESI mass spectra appear to show the presence of up to four bound tetrasaccharides, the distributions (following correction for nonspecific binding during the ESI process, vide infra) are inconsistent with the affinities measured by STD-NMR. Moreover, the apparent affinities, calculated from the reported distributions decrease with increasing ligand concentration, suggesting the possibility of systematic error in the ESI-MS measurements.
Given the critical role that HBGA recognition plays in HuNoV infection (Tan and Jiang 2005; Tan and Jiang 2010) , an accurate description of their interactions with HuNoVs is of fundamental importance and can guide the development of therapeutics to treat and prevent HuNoV infections. With the goal of establishing the existence of the additional HBGA binding sites, a quantitative ESI-MS study of the binding of Saga, Vietnam 026 and VA387 P dimers to the ethyl glycoside of the B trisaccharide and free B type 1 tetrasaccharide was carried out. In addition to providing new insights into the nature of HuNoV-HBGA interactions, the results of this study highlight practical challenges in applying ESI-MS to measure the binding stoichiometries and affinities of low affinity protein-glycan complexes and suggest that high concentrations of oligosaccharide can affect HuNoV P dimer conformation.
Results and Discussion

B trisaccharide-HuNoV P dimer interactions
Direct ESI-MS binding measurements were carried out on the B trisaccharide with the P dimers of Saga, Vietnam 026 and VA387 to establish the number of carbohydrate binding sites and, from the measured apparent affinities for stepwise ligand binding, whether the binding sites are equivalent and independent. Representative ESI mass spectra acquired for aqueous (300 mM ammonium acetate, pH 7.0, 25°C) solutions of the three P dimers are shown in Supplementary data, Figure S2 . The mass spectra revealed that all three P domain proteins exist predominantly as homodimers under the solution conditions investigated. The measured MW of the Saga P dimer (P 2 Saga ), 69,751 ± 5 Da (Supplementary data, Figure S2A and Figure S2C and (by two (35, 224 Da) and five (34,854 Da) residues, respectively, at the C-terminus). Based on these results, it is proposed that association of P Viet -II with P Viet -I leads to P 2 Viet -I, homodimerization of P Viet -II produces P 2 Viet -II, and association of P Viet -II with P Viet -III produces P 2 Viet -III. To simplify data analysis, only the ions corresponding to P 2 Viet -II were taken into account for the affinity measurements. Binding of the B trisaccharide, at concentrations ranging from 100 μM to 800 μM, to the P dimers of the three HuNoV was monitored using direct ESI-MS measurements. Representative ESI mass spectra acquired for aqueous solutions (300 mM ammonium acetate, pH 7.0, 25°C) of Saga P dimer (3 μM), B trisaccharide (100 μM or 800 μM) and P ref are shown in Figure Table SV )-were used to correct the mass spectra for the nonspecific ligand binding during the ESI process. At 100 μM B trisaccharide, ions corresponding to free P dimer, and P dimer bound up to two B trisaccharides were detected. At 800 μM, P dimer ions bound to up to five B trisaccharides were observed.
At all B trisaccharide concentrations investigated, the ESI mass spectra showed evidence of nonspecific binding. For example, at 100 μM, signal corresponding to P ref bound to one B trisaccharide was detected ( Figure 1A and C); and up to four bound B trisaccharides were observed at 800 μM ( Figure 1B and D) . These results indicate that nonspecific binding of B trisaccharides to the P dimer occurs during ESI and needs to be corrected for. The normalized distributions of Saga P dimer species before and after correction (using the P ref distributions) at 100 μM and 800 μM are shown in Figure  1A -D. Also shown are the corrected distributions calculated using the K ns method assuming two binding sites. It can be seen that the corrected distributions obtained for the two P ref are indistinguishable within error. The similarity of the results obtained with two structurally different P ref supports the reliability of the correction method. The corrected distributions calculated with the K ns method also show a maximum of two bound B trisaccharides, although slightly more ligand-bound P dimer is predicted compared to the distributions calculated with the P ref method.
Summarized in Figure 2A -C are the corrected distributions (based on the P ref and K ns methods) of bound B trisaccharide measured at each of the ligand concentrations investigated. It can be seen that, in all cases, following correction for nonspecific binding, the Saga P dimer binds a maximum of two B trisaccharides. Shown in Figure 2D are plots of f (the fraction of bound P dimer, calculated from Eq. (2) following correction for nonspecific binding using the two different P ref and the K ns method) versus ligand concentration. Also shown is the corresponding plot calculated from the binding data reported by Peters and coworkers (Mallagaray et al. 2015) . According to the STD-NMR data, the first 'step' in the isotherm should be visible at B trisaccharide concentrations >600 μM. However, the ESI-MS data show no evidence of 'step-like' character at these concentrations.
Based on the distributions (corrected) of ligand-bound Saga P dimer measured by ESI-MS, the apparent affinities, K a,1 and K a,2 , were calculated (Table I) respectively. The values obtained with the K ns correction method (Shimon et al. 2010 ) agree, within a factor of two, with the values obtained using the P ref method (Sun et al. 2006; Kitova et al. 2012 ).
To our knowledge, this is the first direct comparison of the K ns method with the P ref method for correcting ESI mass spectra for nonspecific ligand binding. It is notable that, for all three data sets, the ratio K a,1 /K a,2 is < 4. This finding suggests that B trisaccharide binding exhibits positive cooperativity (Lin et al. 2014) . However, given the uncertainty in the affinities, the magnitude of the cooperativity factor could not be precisely determined.
To provide additional support for the reliability of the ESI-MS derived affinities, the thermodynamic parameters for B trisaccharide binding to Saga P dimer were measured by ITC. Notably, the ITC data exhibited a thermodynamic profile (Supplementary data, Figure S3 ) typical of weak binding, i.e., [P] × K a « 1 (Freyer and Lewis 2008; Dutta et al. 2015) , which suggest that the B trisaccharide-Saga P dimer interactions are low affinity, with apparent association constants <1000 M −1 . This finding is consistent with the ESI-MS affinity data.
The K a,1 and K a,2 values measured for B trisaccharide binding to the Saga P dimer are similar in magnitude to the values reported for other HBGA oligosaccharides and HuNoV P dimers (Hansman et al. 2012; Han et al. 2013 ). However, they are~1/30th of the values determined by STD-NMR spectroscopy for B trisaccharide binding to the Saga P dimer (Mallagaray et al. 2015) . Moreover, the (corrected) distributions measured in the present study differ significantly from the ESI-MS derived distributions reported by Peters and coworkers (Mallagaray et al. 2015) . The reported distributions, which were measured for 300 mM ammonium acetate solutions (pH 7.4) containing Saga P dimer (2.25 μM), cytoc (19 μM) and 200 μM or 500 μM B type 1 tetrasaccharide, suggest the presence of Saga P dimer bound to as many as four tetrasaccharide ligands (after correction of the nonspecific ligand binding). However, there are two notable aspects to the reported ESI-MS distributions. First, they are inconsistent with the proposed (based on STD-NMR data) binding model, which suggests that the Saga P dimer would exist predominantly bound to one ligand under the solution conditions used for ESI-MS. Secondly, the K a,q extracted from the two (corrected) distributions suggest a decrease in affinity with increasing ligand concentration.
To test whether the findings for Saga P dimer are general, binding measurements were carried out on the B trisaccharide with the P dimers of HuNoV Vietnam 026 and VA387. Measurements were performed using identical solution and instrumental conditions as those used for the Saga P dimer (Supplementary data, Figures S4 and S5). The corrected (for nonspecific binding) distributions and resulting binding isotherms are shown in Figure 3 . As was found with the Saga P dimer, the Vietnam 026 and VA387 P dimers bind to a maximum of two B trisaccharides at the highest ligand concentration investigated ( Figure 3A and B). The former result is consistent with the crystallographic data, wherein the Vietnam 026 P dimer is found to bind to two molecules of B trisaccharide (Koromyslova et al. 2015) . According to the ESI-MS data ( Figure 3C and D) , the K a,1 and K a,2 values for B trisaccharide binding to the Vietnam 026 P dimer are (Table I) trisaccharide affinity for VA387 P dimer is in reasonable agreement with the K a,1 determined previously using lower ligand concentrations (Han et al. 2013) . Taken together, the results of the present binding measurements strongly suggest that, generally, HuNoV P dimers possess only two B trisaccharide binding sites.
B type 1 tetrasaccharide-Saga P dimer interactions
Although the binding properties of the B trisaccharide and B type 1 tetrasaccharide are not expected to be significantly different for the P dimers investigated, ESI-MS binding measurements were performed on the B type 1 tetrasaccharide (200-600 μM) with Saga P dimer ( Figure 4) . Notably, under the same conditions as used for the B trisaccharide, a maximum (after correction for nonspecific binding) of two bound ligands was detected and the apparent affinities (840 ± 90 M −1 (K a,1 ) and 320 ± 80 M −1 (K a,2 )) are similar in magnitude to those of the B trisaccharide for the Saga P dimer. However, these values are 23-31% of the recently reported K a,1 (2700 ± 1200 M −1
) and K a,2 (1400
) values derived from ESI-MS measurements (Mallagaray et al. 2015) . Additionally, in this earlier study, the presence of a third (1200 ± 750 M −1 (K a,3 )) and fourth (2500 ± 2100 M −1 (K a,4 )) bound B type 1 tetrasaccharide Also shown is the binding isotherm calculated using the stepwise binding model reported by Mallagaray et al. (2015) . The error bars represent one standard deviation and were determined from at least three replicate measurements.
was observed after correction for nonspecific binding (Mallagaray et al. 2015 and Table II ).
As highlighted above and discussed in detail elsewhere (Sun et al. 2006 (Sun et al. , 2010 Kitova et al. 2012) , nonspecific ligand binding represents a significant source of error in the measurement of low affinity protein-oligosaccharide interactions by ESI-MS. While it is possible to correct for nonspecific ligand binding using the P ref method, successful implementation of the method requires negligible in-source (gas-phase) dissociation of both the specific and nonspecific protein-oligosaccharide complexes (Sun et al. 2010) . If this condition is not met, the correction method may introduce artefacts into the measured binding stoichiometries and affinities. It is possible that in-source dissociation is responsible for the differences in binding stoichiometries and affinities of the B type 1 tetrasaccharide for Saga P dimer measured in the present and previous studies. As described below, support for this hypothesis is found in the fact that it was possible to achieve distributions (corrected) similar to those reported previously (Mallagaray et al. 2015) by using ion source conditions that promote in-source dissociation.
Shown in Figure 4A and B is a comparison of ESI mass spectra and corresponding distributions of bound B type 1 tetrasaccharide measured for aqueous ammonium acetate solution (300 mM, pH 7.0 and 25°C) containing Saga P dimer (2.25 μM), B type 1 tetrasaccharide (200 μM or 500 μM) and P ref at Cone voltages of 50 V, 130 V and 150 V. It can be seen that up to four bound B type 1 tetrasaccharides were detected (after correction) at the higher Cone voltages (130 V and 150 V). This result is consistent with that from the previous ESI-MS binding study carried out using energetic ion source conditions (Mallagaray et al. 2015) . The apparent affinities (Table II) The apparent increase in the stoichiometries and affinities with Cone voltage can be explained by the increased internal energy of the gaseous ions due to collisional heating in the source, which results in gas-phase (in-source) dissociation of the protein-oligosaccharides complexes. More pronounced in-source dissociation for the P ref -B type 1 tetrasaccharide complexes, which are kinetically less stable than the corresponding P dimer-B type 1 tetrasaccharide complexes, produces artificially high binding stoichiometries and affinities for the Saga P dimer following implementation of the P ref correction (Figure 4C and D) . These results highlight the importance of appropriately 'gentle' instrumental conditions when implementing the P ref correction method.
Evidence of P dimer conformational changes at high oligosaccharide concentrations
The ESI-MS binding data reported here strongly suggest that HuNoV P dimers possess only two HBGA binding sites. These results are at odds with the conclusions drawn from the STD-NMR data (Mallagaray et al. 2015) . The 'step-like' character of the STD-NMR binding isotherms were interpreted as originating from cooperative, stepwise binding events. However, the plateaus evident in the reported isotherms seem to be inconsistent with such a mechanism given that the extent of binding is relatively insensitive to ligand concentration in these 'flat' regions. Instead, the experimental observations are more suggestive of protein conformational changes induced by high concentrations of HBGA oligosaccharide. Conformational changes would be expected to change the chemical shifts of the protein protons, which in turn could lead to changes in saturation during the STD-NMR experiments Krishna 2002, 2004) . Indirect evidence that the conformation of the Saga P dimer is sensitive to HBGA oligosaccharide concentration was obtained from IMS analysis of the gaseous P dimer ions produced from solutions containing varying concentrations of B trisaccharide. Shown in Figure 5 are the IMS arrival time distributions (ATDs) measured for P 2 Saga ions at +17 and +18 charge states produced from a 300 mM ammonium acetate solution (pH 7.0 and 25°C) of Saga P dimer (3 μM). For the +17 charge state, there is a dominant feature in the ATD centered at 16.4 ms, and a minor feature, corresponding to a less compact conformer (or group of conformers), appearing at longer arrival times (ATs). The ATD of the +18 charge state is similarthere is a dominant feature centered at 14.8 ms and a second distribution centered at 16.4 ms. The introduction of B trisaccharide to solution (at concentrations of 200 μM, 400 μM and 800 μM) resulted in changes in the ATDs of both charge states, ( Figure 5 ). There is a small but significant shift to longer ATs with increasing B trisaccharide concentration. Additionally, the relative abundances of the minor conformer(s) for both charge states increases with the B trisaccharide concentration. IMS measurements carried out on the P 2 Saga ions in the presence of isomaltotriose, which is produced during starch digestion and does not interact specifically with the P dimer in solution (Supplementary data, Figure S6 ) gave similar results (Supplementary data, Figure S7 ). Taken together, these results, which indicate that the presence of high concentrations of B trisaccharide or isomaltotriose results in changes to the structures of the gaseous Saga P dimer ions, provide indirect support for the hypothesis that the conformation of the P dimer is sensitive to HBGA oligosaccharide concentration. 
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Far-UV CD spectroscopy (190-250 nm) measurements performed on solutions of P dimer and varying concentrations of the B trisaccharide or isomaltotriose provide additional evidence of the influence of oligosaccharide concentration on the structure of the Saga P dimer. Shown in Figure 6 are CD spectra (superimposed in the 230-250 nm region) measured for solutions of Saga P dimer (12.6 μM) with B trisaccharide or isomaltotriose (0-100 mM) in phosphate buffer (100 mM, pH 7.0, 25°C). Inspection of the spectra reveals subtle changes in the secondary structure of the P dimer with increasing concentration of both oligosaccharides. Interestingly, both the ligand (B trisaccharide) and the nonbinder (isomaltotriose) resulted in decreased CD signal in the 205 -220 nm region and increased CD signal at~195 nm (Figure 6 ). These observations suggest that secondary structure (i.e., α-helix and β-sheet) content is sensitive to oligosaccharide concentration (Prasad and Roy 2010; Das et al. 2016 ). Although it is not possible to derive any specific conclusions regarding the nature of the conformational changes, these results, suggest that the higher order structure of the Saga P dimer undergoes changes with increasing concentrations of oligosaccharide and that this phenomenon is not simply the result of specific oligosaccharide binding. Such changes could, in principle, be the origin of the 'step-like' character observed in the STD-NMR binding isotherms (Mallagaray et al. 2015) . Future research will focus on elucidating more precisely the nature of the structural changes induced by high concentrations of oligosaccharide.
Conclusions
The results of a quantitative ESI-MS study of the interactions between the P dimers of the HuNoV Saga, Vietnam 026 and VA387 strains with the ethyl glycoside of the B trisaccharide and free B type 1 tetrasaccharide are reported. Following careful correction of the ESI mass spectra for the occurrence of nonspecific interactions (which formed in the ESI droplets due to solvent evaporation), all three P dimers were found to bind a maximum of two B trisaccharides at the highest ligand concentration investigated. The apparent affinities of B trisaccharide for the three P dimers are low (≤1,000 M −1 ). Moreover, the binding data suggest HBGA ligand binding exhibits positive cooperativity. Similar results were obtained for interactions between the B type 1 tetrasaccharide and Saga P dimer. Taken together, the results of this study strongly suggest that the P dimers of HuNoVs possess only two HBGA binding sites. It is also shown that harsh (energetic) ESI-MS ion source conditions can lead to apparent HuNoV-HBGA oligosaccharide binding stoichiometries and affinities that are artificially high. Finally, evidence that high concentrations of oligosaccharide can induce conformational changes in HuNoV P dimers is presented.
Materials and methods
Proteins
The P dimer of the VA387 strain (GII.4 genotype, MW 69,312 Da) was produced from the P domain of HuNoV VA387 VP1 (residues 225-539, GenBank accession number AY038600) and the P dimer of Vietnam 026 (GII.10 genotype) was produced from the P domain of HuNoV Vietnam 026 (residues 224-547, GenBank accession number AF504671). The methods used to prepare and purify the P dimers have been described elsewhere (Tan et al. 2004; Jin et al. 2015) . Briefly, the P domains were expressed in Escherichia coli using pGEX-4T-1 vector through the glutathione S-transferase (GST) Gene Fusion System (GE Healthcare Life Science, Piscataway, NJ). The P domain-GST fusion proteins were purified using glutathione affinity chromatography (Glutathione Sepharose 4 Fast Flow, GE Healthcare Life Science) and then digested with thrombin (GE Healthcare Life Science) to remove the GST. The released P dimers were further purified by size-exclusion chromatography using a Superdex 200 size-exclusion column (GE Healthcare Life Science) and the corresponding fractions were collected. The P dimer of the Saga strain (GII.4 genotype, MW 69,734 Da) was produced from the P domain of HuNoV Saga as described elsewhere (Mallagaray et al. 2015) . The codon-optimized DNA encoding residues 224-538 (GenBank accession number AB447457) was synthesized by GenScript (Piscataway, NJ) and cloned into a modified expression vector (pMal-c2X) at EcoRI and HindIII restriction sites. The vector was then transformed into E. coli BL21 cells. The transformed cells were grown at 30°C to an optical density (at 600 nm) of 0.5-0.6, and the protein expression was induced with isopropylthiogalactoside (0.3 mM) and further incubated at 20°C for 22 h with shaking. Cells were harvested by centrifugation and ruptured by lysis. The resulting His-tagged maltose binding protein (MBP)-P domain fusion protein was purified by affinity chromatography with a nickel column followed by digestion with HRV-3C protease (CEDARLANE, Burlington, Canada) overnight at room temperature. The cleaved P domain proteins were separated on the nickel column and further purified by size-exclusion chromatography with the Superdex 200 size-exclusion column (GE Healthcare Life Sciences) in the buffer containing 25 mM Tris-HCl and 300 mM NaCl (pH 7.4) and the corresponding fractions of Saga P dimer were collected.
A single chain fragment (scFv, MW 26,539 Da) of the monoclonal antibody Se155−4 was produced using recombinant technology (Zdanov et al. 1994) . Equine heart cytochrome c (cytoc, MW 12,384 Da) was purchased from Sigma-Aldrich Canada (Oakville, Canada).
Each protein was concentrated and dialyzed into an aqueous 200 mM ammonium acetate solution (pH 7.0), unless otherwise indicated, using Amicon 0.5 mL microconcentrators (EMD Millipore, Values calculated from the distributions reported by Mallagaray et al. (2015) . 3875.12). The ions were produced by ESI-MS from aqueous ammonium acetate (300 mM, pH 7.0 and 25°C) solutions containing P 2 Saga (3 μM) and B trisaccharide at concentrations ranging from 0 μM to 800 μM. Fig. 6 . Influence of the B trisaccharide and isomaltotriose on the conformation of Saga P dimer analyzed by far-UV circular dichroism spectroscopy (190 -250 nm) . Spectra were measured using aqueous phosphate buffer (100 mM, pH 7.0 and 25°C) solutions containing Saga P dimer (12.8 μM) alone and in the presence of 10 mM or 100 mM of (A) B trisaccharide or (B) isomaltotriose.
Billerica, MA) with a MW cutoff of 10 kDa or 30 kDa; protein concentrations were estimated by UV absorption (280 nm). All protein stock solutions were stored at −20°C until used.
Carbohydrates
The ethyl glycoside of the histo-blood group B trisaccharide (α-D- Figure S1 . Stock solutions of each oligosaccharide were prepared by dissolving a known amount of solid in ultrafiltered Milli-Q water (EMD Millipore, MA); these were stored at −20°C until used.
Mass spectrometry
All ESI-MS measurements were carried out in positive ion mode on a Synapt G2S quadrupole-ion mobility separation-time of flight (Q-IMS-TOF) mass spectrometer (Waters, Manchester, UK) equipped with a nanoflow ESI (nanoESI) source. The ESI solutions were loaded into nanoESI tips, produced from borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.) using a P−1000 micropipette puller (Sutter Instruments, Novato, CA), with an o.d. of~5 μm. To carry out nanoESI, a platinum wire was inserted into the tip and a voltage of~1.2 kV was applied. The Source temperature was 60°C. The Cone, Trap and Transfer voltages were 50 V, 5 V and 2 V, respectively, unless otherwise specified. For IMS, the wave height and wave velocity were set to 40 V and 4000 ms −1 , respectively, while a helium flow rate of 180 mL min −1 was used in the helium cell and a nitrogen flow rate of 90 mL min −1 was used in the IMS cell. Data acquisition and processing were performed using MassLynx software (version 4.1) and DriftScope (version 2.5).
Direct ESI-MS assay
The direct ESI-MS assay was used to quantify the affinities of the B trisaccharide and B type 1 tetrasaccharide for HuNoV P dimers (referred to here as P). Measurements were carried out in triplicate.
To analyze the data, the abundance (Ab) ratio (R q ) of ligand (L)-bound (q ligands) to free P (PL q and P, respectively) ions measured by ESI-MS (after correction for nonspecific L-P binding, vide infra) was taken to be equal to the equilibrium concentration ratio in solution, Eq. (1):
The fraction (f) of L-bound P was calculated using Eq. As discussed in detail elsewhere, ESI-MS binding measurements performed using high concentrations of oligosaccharide ligand typically result in the formation of nonspecific L-P interactions in the ESI droplets as they evaporate to dryness (Kitova et al. 2012) . Therefore, to obtain reliable information on P-L binding stoichiometry and affinity from ESI-MS measurements, the mass spectra need to be corrected for the formation of these nonspecific complexes. Two different methods were used to perform this correction in the present study. The reference protein (P ref ) method involves the addition of a noninteracting P ref to the solution. The underlying assumption is that the distribution of nonspecifically bound L to P ref is identical to that of P. This assumption has been validated in numerous studies, which have shown that nonspecific glycan-protein binding during ESI is a random process and independent of the size and structure of the protein (Sun et al. 2006 (Sun et al. , 2010 . A complete description of the implementation of the correction method can be found elsewhere (Sun et al. 2006; Kitova et al. 2012) . Two different P ref were used in this study-scFv and cytoc. Cytoc is not a lectin and does not recognize HBGA oligosaccharides in solution. The scFv is derived from an anti-glycan antibody; however, the antibody is specific for glycans found in Salmonella typhimurium and it does not bind to human glycans (Zdanov et al. 1994) .
The ESI mass spectra were also corrected for nonspecific binding using a mathematical approach (referred to as K ns method, vide infra) developed by Sharon and coworker (Shimon et al. 2010 ). According to this method, all nonspecific protein-ligand interactions that form during the ESI process can be described using a single association constant (K ns ). Further, it is assumed that the ligand concentration at equilibrium is similar to the initial concentration, i.e., 
Isothermal titration calorimetry
The binding of B trisaccharide to Saga P dimer was measured at 25°C with a VP-ITC (MicroCal, Inc., Northampton, MA). For each experiment, the Saga P dimer solution (0.1 mM) in the sample cell was titrated with a solution of B trisaccharide (10 mM). Both the P dimer and B trisaccharide were prepared in the Tris buffer (25 mM Tris-HCl and 300 mM NaCl, pH 7.4) solutions.
Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy was performed at 25°C with an OLIS DSM CARY-17 spectrophotometer conversion and CD module (On-line Instrument Systems Inc., Bogart, GA) using a 0.2 mm path length quartz cuvette. Protein solutions were prepared in 100 mM phosphate buffer (pH 7.0) containing 0-100 mM B trisaccharide or isomaltotriose. Data were collected in scanning mode from 190 nm to 250 nm, and for each analysis, values from replicate (five) measurements were averaged and reported. Data were analyzed with OLIS Spectral Works (v4.3) and converted into molar ellipticity units. At each concentration, the CD spectrum of the corresponding solution of oligosaccharide alone was subtracted from the sample spectrum.
Supplementary data
Supplementary data is available at Glycobiology online.
